Forest regeneration in abandoned pastures in Amazonia has been well studied, but active restoration of nonresilient pastures has not. In this work, we evaluated large-scale active restoration of intensively used pastures in southern Amazonia, where the highest deforestation rates are observed. With the construction of the Jirau Dam in the Madeira river (state of Rondônia, Brazil), a 3000-ha forest buffer zone has been established. This area was previously covered by African pasture grasses for cattle ranching. Eight mixed-species planting sites with variable grass management and ranging from 6 to 60 months post-planting were measured three times over 2.5 years. We also tested a gradient of restoration intensity in an experimental planting: (i) no intervention (control), (ii) harrowing and herbicides to control grasses, and (iii) harrowing and herbicides plus tree planting. Our goals were to understand the initial trajectory of actively restored sites, the role of harrowing and herbicide application in triggering natural regeneration, and the role of seedling planting on the initial vegetation structure. All tree species ≥30 cm in height were sampled in five circular 10-m-radius plots per site. Plant cover was also monitored using the step-point method. At 18 months, stem density ranged from 2500 to 14,490 ind·ha −1 , demonstrating that density increased suddenly in most sites through colonization, although this was highly variable. Tree cover reached 81% in five years, virtually eliminating grass cover after 36 months. Recruits contributed more to basal area than planted seedlings. Although 17 species, on average, were planted in restoration sites, the number of species at the sites steadily increased over time, at a rate of 7 species·yr −1 per 1570 m 2 . Cecropia spp. and Trema micrantha recruits had the highest stem densities and basal areas. Harrowing and grass control were enough to trigger succession in sites where natural regeneration was not taking place, shifting these sites to the highly resilient route of early secondary forest succession in the Amazon. Future restoration efforts should use a combination of methods, first evaluating the potential for natural regeneration and then gradually eliminating barriers.
Introduction
In the last few decades, the southern Amazon has shown the highest deforestation rates in Latin America to clear land for cattle ranching and agriculture (Aide et al., 2013; De Barros Ferraz et al., 2005; Ferraz et al., 2014; Pendrill and Persson, 2017) . Native forests and open pastures occupy 54% and 22% of the territory of the state of Rondônia (Brazil), respectively (de Almeida et al., 2016) . However, many areas cleared for pastures are abandoned after a few years for several reasons, including loss of productivity, soil impoverishment, and poor management practices, leading to an increasing share of degraded pastures or early successional forests (De Barros Ferraz et al., 2005) . Abandoned pastures form a mosaic of secondary forests of different ages and stages genus Vismia spp. and have a relatively low succession rate. In contrast, Cecropia spp. trees dominate the initial assemblage of less intensively used sites, allowing relatively high succession rates (Jakovac et al., 2016; Mesquita et al., 2015) . Under certain environmental conditions, alien grasses can maintain an alternative state, arresting succession in intensively-used areas (Ferguson et al., 2003; Uhl et al., 1988; Veldman and Putz, 2011; Zahawi and Augspurger, 1999) . In these cases, active restoration is recommended (Holl and Aide, 2011) .
In the present work, we evaluated a large-scale active restoration of intensively used pastures in the southern Amazon. In the 2010s, two large hydropower dams were built in one of the largest rivers in the world, the Madeira river, located in the state of Rondônia, Brazil (Fearnside, 2014) . The perimeter of the Jirau Dam lake is 14,000 ha, and to comply with the Brazilian Native Vegetation Protection Law, the implementation of a 100 m-wide forest buffer zone was required. Although most of the lake was surrounded by mature forests, approximately 3000 ha of the buffer zone were covered by exotic pastures. Once the buffer zone was set aside for conservation, some of these pastures began to recover naturally as Vismia-dominated early secondary forests (Rocha et al., 2016) , but other patches persisted as well-established pastures covered by the African grass Urochloa brizantha. Since 2011, seedlings have been planted in these stable pastures at a rate of 60 ha per year, using an adaptive management strategy. To date, 270 ha have been actively restored, and it is expected that the entire area will be restored in 20 years.
We took advantage of the existing active restoration sites and monitored vegetation structure and composition to support adaptive management and improve forest restoration methods in the Amazon. First, we described the trajectory of eight mixed-species planting sites ranging from 6 to 60 months post-planting, by monitoring them three times over 2.5 years. These eight sites presented variable management strategies, including: (1) harrowing (with or without) for grass control and soil preparation, (2) seedling spacing (wide or narrow), and (3) method of herbicide application (targeted, restricted, or wide ranging). Yet, in this study it was not possible to disentangle the effects of harrowing and herbicide application from seedling planting on forest regeneration. To do that, we established an experiment in a gradient of restoration interventions: (1) no intervention, (2) harrowing and herbicides for grass control, and (3) harrowing and herbicides plus tree planting. We aimed to answer two general questions: (i) What is the initial trajectory of actively restored sites in southern Amazonia under different management strategies? (ii) What is the role of harrowing and herbicide application, and planting seedling in triggering natural regeneration?
Material and methods

Study area
The work was carried out in nine restoration sites near the Jirau Hydroelectric Power Plant. The sites were located within the permanent preservation area (área de preservação permanente, APP in Portuguese), a 30-m to 100-m wide strip of riparian forest measured from the maximum water level of the reservoir. Eight sites were planted with mixed-species seedlings and the ninth site was used for the experiment on restoration intervention intensity (Fig. 1) . The dam was constructed in the Madeira River, in southwestern Amazon, in the municipality of Porto Velho, state of Rondônia, Brazil. The climate of the region is tropical humid hyperthermic (Cochrane and Cochrane, 2010) , with mean maximum and minimum temperatures of 32°C and 21°C, respectively, and annual precipitation between 1700 mm and 2200 mm. A dry season occurs from May to September, when 10% of the annual precipitation is concentrated (obtained from http://mapas-hidro.ana.gov.br). The terrain is flat and elevation ranges from 83 m to 144 m a.s.l. The river bank is characterized by large recent alluvial deposits and fertile soils.
Vegetation types include terra-firme forest (non-flooded forests); varzea (flooded forests); and campinarana (seasonally flooded woodlands over white sandy soil). The most common vegetation type in the study area is terra-firme forest, or open ombrophilous forest, which occupies well-drained, nutrient-poor soils (Perigolo et al., 2017) . Canopy height is 20-25 m, with emergent trees reaching 30-35 m. The most common canopy species are the palm Attalea speciose (babaçu) and the trees Eschweilera coriacea, Neea floribunda, and Rhodothyrsus macrophyllus; in addition, Bertholletia excelsa, Hevea brasiliensis, H. guianensis, and Peltogyne heterophylla are common emergent trees (Perigolo et al., 2017) . The restoration sites are located within a 100-m wide buffer zone around the Jirau reservoir, which also comprise the tributaries of the Madeira river. This entire zone was designated an environmental protection area (Fig. 1) .
Before restoration, productive U. brizantha grasses covered all sites, which were intensively managed with herbicides to eliminate tree recruits, and underwent frequent mowing and burning for pasture renovation. Still, babaçu palms are found scattered across the pastures. Mature and secondary forests comprised 38% of the current land cover of the region (Rocha et al., 2016) , and the distance from the restoration sites to forest fragments ranged between 20 and 200 m (Table 1) . Deforestation for the creation of pastures started in the 1970s following the construction of the BR-364 highway and the establishment of settlements by means of governmental incentives (De Barros Ferraz et al., 2005) . The mean age of the opened pastures was 9.3 years, and pastures were renovated by harrowing every 4.5 years (Rocha et al., 2016) . Fire is a frequently used tool to maintain pastures, but no accurate fire history data (location and frequency) were available. Once abandoned, Vismia dominated natural regeneration in most sites, but some areas had weak or no natural regeneration, and still presented 100% of alien grass cover.
Active restoration surveys
Eight mixed-species plantings
The restoration program started in 2011. Depending on the potential for natural regeneration in each site, the restoration strategy would be to allow natural regeneration to take place (Vismia-dominated sites), or to implement wide-spaced or narrow-spaced tree planting (sites with weak or no natural regeneration; see Rocha et al., 2016 for a detailed characterization of natural regeneration without intervention). The seedlings used in the restoration program were produced by a local cooperative that encompasses 39 nurseries in small family properties and 81 smallholders (Schmidt et al., 2018) . Seeds were collected by producers from trees near their houses. At first, there was no predefined list of species, and the only requirement was that at least 10 species had to be collected per family. As a result, both native and alien species were produced and planted in the first three years of the program (Table A1 in Appendix A; for more details on the program, see Schmidt et al., 2018) .
Procedures and sites.
In the mixed-species restoration sites with low (< 400 tree recruits·ha −1 ) or no natural regeneration, seedlings were planted at a spacing of 3 m × 2 m (Narrow spacing); in sites with 400-1000 tree recruits·ha −1 , the spacing was 5 m × 5 m (Wide spacing). These eight sites ranged in size from 2 to 19 ha and were 0.3-9 km apart ( Fig. 1 and Table 1 ). Seedlings were planted in January 2012, January 2013, and January 2014. Data were collected in August 2014, August 2015, and February 2017. In February 2017, the month of the last survey, seedlings were either 3, 4 or 5 years old ( Table 1) . The sites comprised a combination of management practices, classified in terms of soil preparation (harrowing before planting [Harrowing] or not [No Harrowing]), and grass control in the first year after planting (herbicide application over the entire area, but avoiding planted seedlings [Extensive], herbicide application within a 1-m radius around individual seedlings [Restricted] , and targeted herbicide application on grass tussocks only [Targeted] ). All restoration sites were previously dominated by alien grasses, primarily U. brizantha, and presented scattered babaçu palms. Prior to planting, sites were harrowed with a tractor to break clods and remove the grass cover; only one site was not harrowed, to keep the 400-1000 recruits·ha −1 already present (Wide/No Harrowing). Seedling holes were dug with a hoe to a depth of ca. 30 cm. Seedlings were planted manually by the seedling producers themselves, supervised by a technician. Seedlings transplanted to sites were 4 months old and 60 cm tall on average. The soil was not fertilized, and dead seedlings were not replanted. Grass control consisted of four glyphosate applications in the first year using one of the three types of application described above and repeated in the following years as needed. The eight restoration sites will be referred here by age (in months) at the last survey, followed by the combination of management (soil preparation [Harrowing or No Harrowing] , seedling spacing [Narrow or Wide], and type of herbicide application [Extensive, Restricted, or Targeted] ; Table 1 ). The management category No Harrowing-Wide-Restricted was present at one site only, as mentioned above. Its trajectory is still presented, but the lack of a spatial replicate does not allow us to make inferences about its range of response.
Sampling method of the eight mixed-species plantings.
The tree community was sampled using five circular 10-m radius plots (314 m 2 area) randomly distributed within each site. All tree stems ≥ 30 cm in height were marked with numbered tags, and we measured height and diameter at the base of the stem. Species were identified using identification guides. If necessary, samples were collected for identification by comparison to specimens in the Herbarium collection of Embrapa Genetic Resources and Biotechnology (CEN). Recruits were defined as stems regenerating naturally from non-planted seedling establishment or resprouting. Planted seedlings and recruits were distinguished by observing the location of the seedling and its species, since planted species would not be found as recruits in a site of that age.
Plant cover was also monitored using the step-point method (Cooperative Extension Service, 1999) , which consists of recording plant cover "hits" at set points along a transect. From the center of the circular plots, a 20-m-long measuring tape was stretched in two orthogonal directions and a point of plant cover was recorded every 0.5 m, totaling 80 hit points in each plot. In this study, we counted only upper vegetation hits in order to record the life form that first intercepted the sunlight, which could be the crown of a tall tree. Plant cover classes were trees, herbs and lianas, alien grasses, and bare soil. The
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Permanent Preservtion Area
No-intervention Grass control Seedling planting
Eight mixed-species plantings 1,350 m alien grass class included dry straw because the use of glyphosate to control grasses shortly before the assessment could have reduced their cover. Only results for trees and alien grass cover are shown; these were the dominant cover types in all sites.
Experimental planting
We carried out an experiment on intervention intensity in a site previously dominated by the alien grass U. brizantha, which presented no natural tree regeneration. The intervention ranged from (i) no intervention (Control) to (ii) harrowing for soil preparation and a yearlong targeted herbicide application on grasses (Grass Control), and (iii) harrowing and targeted herbicide application on grasses plus seedling planting at a narrow spacing of 3 × 2 m (Seedling Planting). The planting procedures used in the last intervention method were the same as in the mixed-species planting described above. Each treatment covered 1 ha (Fig. 1) . The experiment was established in January 2015 and surveyed after 2, 12, and 25 months. The method used for tree sampling was the same as in the eight mixed-species planting survey except for using 5-m radius plots per treatment. The method used for estimating plant cover was the same as in the eight mixed-species plantings survey.
Data analysis
In the eight mixed-species plantings, all vegetation attributes were averaged across the five plots for each restoration site at each sampling time, creating a 2.5-yr trajectory, starting with 6-30-mo old sites and finishing with 36-60-mo old sites. Number of species is presented in relation to total area sampled in each site (1570 m 2 ). Basal area was calculated separately for planted seedlings and naturally regenerating seedlings, in order to evaluate their separate contribution to vegetation structure. We performed linear regression analyses with all vegetation attributes as a function of site age, with one regression for each management approach. We used an ANCOVA model to do a pairwise comparison of regression slopes between treatments. Stem density was log-transformed and grass cover was square-root-transformed to achieve normality. In order to evaluate the contribution of age and management practices to species composition, we performed a Non-Metric Multidimensional Scaling analysis based on the Bray-Curtis index, which use abundance data. Species that had only one or two stems in total across all sites were excluded.
To evaluate the experimental planting, the intervention intensity treatments were compared in terms of stem density, number of species (per 78.5 m 2 ), alien grass cover, and tree cover at the last two censuses (at 12 and 25 months) using ANOVA, followed by pairwise Tukey HSD tests. All analyses were conducted in R (R core team 2018), and the NMDS analysis used the vegan package (Oksanen et al., 2018) .
Results
Dynamics of eight mixed-species plantings sites
Across all eight restoration sites, 6000 individuals from 103 species and 37 families were sampled (Appendix A, Table A2 ). All sites increased in number of species, basal area, and tree cover, and decreased alien grass cover with age ( Fig. 2) . However, linear regressions were not significant to all treatments, due to the small number of cases and variation in sites under the same treatment. Therefore, comparison of regression slopes was done only to the significant regressions (Table 2) . Stem density increased quickly after seedling planting through colonization in most sites, reaching 2500 to 14,490 ind·ha −1 at 18 months. After that, sites tended to stabilize just under 6000 ind·ha −1 after 36 months ( Fig. 2A ). The slopes of log-transformed stem density versus age were not significant ( Table 2 ). The slopes of number of species were significant in sites that were harrowed and had herbicide application targeted towards grass tussocks ( Fig. 2B and Table 2 ), but were not significantly different between wide and narrow seedling planting (Harrowing-Wide-Targeted × Harrowing-Narrow-Targeted sites, F 1,11 = 0.1; p = 0.746). Tree cover reached an average of 66% in the first 3 years and 81% in 5 years (Fig. 2C ). Tree cover slopes were significant in all sites, but the one that was not harrowed (Table 2) . Planting at higher density and applying herbicides directed only to the grass tussocks accelerated canopy closure (Harrowing-Narrow-Targeted > Harrowing-Wide-Targeted, F 1,11 = 7.7; p = 0.017; Harrowing-Wide-Targeted > Harrowing-Narrow-Extensive, F 1,11 = 18.91; p = 0.001). The high canopy cover reduced grass cover to less than 20% after 36 months in average ( Fig. 2D ). Alien grass cover slopes were significant in all but the No Harrowing treatment (Table 2) . Grass cover decreased at a faster rate in the Harrowing-Narrow-Extensive than in the Harrowing-Wide-Targeted treatment (F 1,11 = 18.72; p = 0.001), and Harrowing-Narrow-Targeted treatment (F 1,9 = 9.69; p = 0.008), because the extensive herbicide application prevented natural regeneration and grasses kept regrowing for a longer period, but were reduced as long as the planted seedlings closed the canopy. Grass cover wasn't significantly different between the Harrowing-Wide- Targeted   Table 2 Regression models obtained for the relationships between each forest structure attribute (y) and time (yr), for all three management approaches in the eight mixedspecies plantings sites. Variance explained (R 2 ) and significance (p value) are also presented. and Harrowing-Narrow-Targeted treatments (F 1,11 < 0.01; p = 0.987) Basal area (m 2 ·ha −1 ) slopes were significant in all treatments but the Harrowing-Wide-Targeted ( Fig. 2E and Table 2 ). Harrowing-Narrow-Targeted sites had a higher increase in basal area than the No Harrowing-Wide-Restricted site (F 1,9 = 7.77; p = 0.033). Natural regeneration contributed to 18-86% of the basal area at the restoration sites, indicating intense tree colonization (Fig. 2F ). Planted seedlings strongly contributed to total basal area where (1) there was little colonization (No Harrowing-Wide-Restricted sites), (2) the herbicides used for grass control were also applied to tree recruits during the first year of the program (Harrowing-Narrow-Extensive sites), or (3) some of the planted seedlings had very high growth rates, primarily Schizolobium amazonicum and Ochroma pyramidale, but also Anacardium occidentale, Senna alata, Inga edulis, and Parkia pendula.
Planted seedlings dominated the species composition at younger sites (36 months old). However, the proportion of non-planted species increased shortly after planting, except in the not harrowed site, which was dominated by planted seedlings and recruiting species typical of old pastures, and in the older Harrowing-Narrow-Wide sites, in which extensive herbicide application prevented natural regeneration (Fig. 3) . In sites where herbicide application was targeted towards grass tussocks, a high proportion of the basal area consisted of recruits of pioneer species that arrived after the site was prepared. Cecropia purpurascens, C. distachya, Trema micrantha, Miconia sp., Solanum quaesitum, Vismia gracilis, V. guianensis, and Beluccia glossurarioides contributed to most of the basal area in these sites (Fig. 3) . Mean height of planted seedlings per age is shown in Appendix A, Table A1 . In total, 62 species colonized the restoration sites (over an area of 1570 m 2 × 8 sites; Appendix A, Table A2 ).
Experiment on intervention intensity
The two active intervention treatments (Grass control and Seedling planting) differed substantially from the No Intervention treatment after 25 months (Fig. 4 ). Both intervention treatments had approximately 4500 stems (mean of Seedling Planting + Grass Control); tree cover reached over 66%, and alien grass cover was reduced to less than 10% with no difference between sites at 25 months. Species density was higher in the Seedling Planting treatment than in the Grass Control, because planting added different species (Fig. 4) . The No Intervention treatment continued to be dominated by the alien grass U. decumbens, and was not colonized by any tree species throughout the experiment (Fig. 4) . Harrowing-Narrow-Extensive 
Discussion
The techniques used for active restoration and to assist natural regeneration, that is, harrowing and targeted application of herbicides, triggered a fast forest recovery (i.e. 66% tree cover and 4000 stems/ha in 25 months), while no intervention maintained 100% grass cover. It was also fast compared to regenerating sites dominated by Vismia spp. (Rocha et al., 2016) . The planted seedlings themselves were less important than natural regeneration in terms of basal area and stem density in restoration sites that had herbicide application targeted specifically to alien grasses. In these sites there was intense colonization by pioneer tree species from the sixth to the eighteen month. Assisting natural regeneration has been recommended to sites already undergoing natural regeneration; for instance, controlling weeds as the only restoration method in tropical forests is recommended for sites with 200 to 800 seedlings/ha (Shono et al., 2007) . However, these manageable and low-cost procedures triggered a fast natural regeneration in sites that were previously dominated by alien grass, without observed natural regeneration.
Facilitating natural regeneration
Seed availability and seedling emergence, survival, and growth are necessary steps for natural regeneration to take place (Holl, 1999) . Given that forests cover 37% of the landscape in that portion of the Madeira watershed (Rocha et al., 2016) , and pioneer trees such as Cecropia spp., Solanum spp., Trema micrantha, and Vismia spp. are present in less intensively managed pastures, along fences, and on forest edges (authors pers. obs.), the seed rain is probably constant and dense. These species are mainly dispersed by bats (Bello et al., 2017; Lopez and Vaughan, 2007; Trevelin et al., 2013) , which can forage in areas over one kilometer from the forest edge (Ripperger et al., 2015) . In addition, palm remnants in pastures of that region, such as the babaçu palm (Attalea speciosa Mart.), which occur at a density of 10-15 individuals per hectare, may function as roosting sites and perches for animal dispersers (Carnevale and Montagnini, 2002) . The babaçu palm is common in pastures in Amazonia, both as forest remnants and recruits, because it is resistant to fire, and its germination is facilitated by the abiotic conditions observed in pastures (Mitja and Ferraz, 2001) . Based on the above, we infer that seed rain of pioneer species was high in the restoration sites. These seeds landed on a prepared, uncompacted soil, with no competitive grasses, which strongly improves germination and seedling establishment and growth compared to soils covered by alien grasses (Camargo et al., 2002; Doust et al., 2006) . In most sites, pioneer species arrived and were established at such high densities that they rapidly formed a canopy, which in turn attracted seed dispersers in the first year (Solanum spp.) and in the second to fifth years (Trema micrantha and Cecropia spp.). The attraction of seed dispersers and the early successional forest structure allowed species colonization to reach 7 species per 1570 m 2 ·yr −1 (in Harrowing-Wide-Targeted and Harrowing-Narrow-Targeted sites).
The exception to the pattern of fast initial succession were the Harrowing-Narrow-Extensive sites, which were 60 months old and presented disproportionally less natural regeneration. This pattern may be explained by the method of herbicide application in these sites. By applying the herbicide all over the area, restoration workers were trying to protect the planted seedlings only, at the expense of all other plants, including pioneer shrub and tree recruits. In the newer restoration sites, this method was abandoned, and in the following years, herbicide application was targeted at alien grasses only. The 36-mo No Harrowing-Wide-Restricted site also had low natural regeneration. In this case, not harrowing the soil, planting seedlings at a wide spacing, and weeding within a 1-m radius around them promoted only a slow natural regeneration of Vismia spp. recruits that were already there.
Regeneration pathways and restoration
Two common routes of forest succession in abandoned pastures have been documented in Amazonia, one dominated by species of the genus Cecropia, which occupies sites with few or no slash-and-burn cycles, and another dominated by Vismia species, in pastures with more than four years of slash-and-burn management (Mesquita et al., 2015; Williamson et al., 2012) . Vismia spp. can regenerate by resprouting or vegetative reproduction, and this may be stimulated by fire events. Cecropia species, on the other hand, have no such capacity, and can be hindered by fire or smothered by dense grass cover. Secondary forests dominated by Vismia spp. have higher dominance and lower richness than those dominated by Cecropia spp., and a slower successional turnover (Mesquita et al., 2015; Norden et al., 2011) . In the study area, Vismia spp. dominated sites where the forest was recovering naturally, because of the long-term pasture management used in the region (Rocha et al., 2016) . In the restoration program studied here, active restoration was conducted in sites that had few or no recruits and where the cultivated grasses formed a dense cover. In fact, some pastures or agricultural fields in southern Amazonia are managed so intensely through repeated harrowing, removal of tree roots, and frequent application of herbicides, that alien grass dominance becomes stable within a few years (authors pers. obs.). However, the ca. 20% Cecropia spp. basal area observed after the restoration plantings (in Harrowing-Wide-Targeted and Harrowing-Narrow-Targeted sites) is similar to the observations of other studies on resilient sites (Jakovac et al., 2016; Mesquita et al., 2001) . The species composition of the monitored sites was also similar to the composition of abandoned pastures that had been lightly to moderately used in eastern Amazonia (< 12 years of use and 2-6 slash-and-burn events; Uhl et al., 1988) . Uhl et al. (1988) also found a density of 23 species in 100 m 2 after eight years of regeneration in < 4-yr-old pastures that had not been slashed and burned, suggesting that these pastures quickly returned to a forest condition. In our study, the high stem density in Harrowing-Wide-Targeted restoration sites (> 2000 stems·ha −1 ), the number of species (up to 45 regenerating species in 1570 m 2 ), and the mean increment of seven species per year, suggests that a Cecropia-dominated successional trajectory took place. However, it is unknown whether this resilient trajectory will continue in the next years, since the initial composition is typical of resilient sites while the history of disturbance is typical of non-resilient sites. In the future, these sites will contribute to understanding the effects of the initial species composition independent of abiotic filters, both of which are simultaneously altered by land use (Jakovac et al., 2016; Norden et al., 2011; Zarin et al., 2005) .
Tree planting should be done strategically
Tree planting is the most common method for tropical forest restoration (Palma and Laurance, 2015) . It can be carried out with only one or a few fast-growing species, but it can also include more than a hundred species, of different successional classes or other functional attributes (Kanowski, 2010; Parrotta and Knowles, 1999; Rodrigues et al., 2011) . The goal is to form shade on aggressive species (especially invasive grasses), to attract seed dispersers that bring seeds of late successional species from neighboring forests, and to improve the microclimate (by providing shade) and soil quality (through litter deposition and root development). High-diversity plantings have the advantage of establishing greater heterogeneity and ensuring a minimum level of species richness, which makes the sites less dependent on colonization by new species (Rodrigues et al., 2009 (Rodrigues et al., , 2011 . In this study, as in most restoration projects, few species are planted; most are fast growing species, easy to collect and to germinate (Moreira da Silva et al., 2017). These traits make them cheaper and available for use in restoration. Nevertheless, the extreme tree diversity of the forests along the Madeira watershed (Perigolo et al., 2017) needs to be taken into consideration in any restoration program. Although the number of species is increasing in the short time evaluated, a higher number of species should be planted to ensure high diversity in the restoration sites, especially those species with low ability to colonize restoration sites, such as endangered and low-dispersal species.
Recommendations for restoration
We identified that soil preparation to control alien grasses and improve seedling emergence is a low-cost method to turn intensively managed pastures into resilient sites, at least during the triggering phase of restoration. Given its success, soil preparation may be recommended even for sites with weak natural regeneration (up to 1000 recruits·ha −1 ) dominated by Vismia spp. Grass cover, whenever necessary, can be controlled by herbicide application, where it is permitted, but targeted only to the alien grass tussocks, allowing natural regeneration to proceed. If pioneer species do not colonize the area successfully, their seeds may need to be broadcasted on the prepared soil. After pioneer colonization, restoration should be monitored to verify colonization by late successional species. However, due to the long time needed to observe change in species composition, planting seedlings of species that are less likely to disperse into the restored sites, such as autochoric and zoochoric large seeds, at a wide spacing (e.g. 100-400 seedlings per hectare), would help ensure their reintroduction. Restoration efforts can therefore use a combination of the available methods, seeking to overcome barriers and bottlenecks in the process of natural regeneration.
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